Expanded austenite (γN), or S-phase, is a special phase of low-temperature nitrided austenite containing highly super-saturated nitrogen in the form of heterogeneous Cr-N nano-clusters. A nitrided layer of singe phase γN is known to provide austenitic stainless steel with combined high hardness, good wear resistance and superior corrosion resistance. This paper reports recent experiments on a comparative study of the sliding wear properties and wear mechanisms of nitrided austenite stainless steel AISI 316, with a special attention paid on worn surface structural evolutions induced by frictional heating and sliding deformation. The samples were prepared by DC pulsed plasma nitriding treatments of various time at a fixed power. Knoop micro-indentation has revealed hardening behaviour of the nitrided samples. The reciprocating ball-on-disc sliding wear and friction properties were investigated at ambient environment conditions using an alumina counterpart ball. The worn surfaces have been analysed by XRD,FEG-SEM and EDX to show wear induced changes in the crystalline characteristics and the wear mechanisms of tribo-oxidation, cracking, abrasive wear and ploughing deformation. Moreover, longitudinal cross-sectional foils of the worn samples have been prepared and analysed using TEM, to investigate the wear induced structural changes, including tribofilm formation, plastic deformation and delamination in depths of nano-scale.
Introduction
Austenitic stainless steels have many important industrial applications owing to their excellent corrosion resistance [1] . The corrosion resistance is attributed predominantly to the sufficiently high chromium concentration in the matrix, whereas the high nickel content helps stabilize the austenitic lattice structure. However, these steels may suffer from severe wear failures because of the low hardness and good plasticity of the austenitic matrix. It is well known that nitriding is an effective way to harden the surface of austenitic stainless steel and to improve the wear resistance. It has been revealed that the microstructure of a nitrided layer depends strongly on the kinetic nitriding process, especially the processing temperature [2] [3] [4] . In particular, conventional nitriding at temperatures exceeding 500 ºC is able to obtain a thick nitrided layer of high hardness, whereas the massive precipitation of chromium nitride deteriorates the corrosion resistance because of the resultant depletion of chromium in the ferrous matrix [5] .
In middle 1980's, a few research groups reported that, by lowering the process temperature to about 400 ºC, a CrN-free nitrided layer could be produced to have combined high hardness and excellent corrosion resistance [4] [5] [6] . Soon after that, extensive research has been undertaken worldwide to characterize the precipitate-free nitrided surfaces. A recent review paper about structural characterization of nitrided austenitic stainless steels can be found in Ref [7] . Early X-ray diffraction (XRD) analyses revealed its single-phase nature, severe lattice distortion, and extremely large lattice expansion as compared to the normal austenite phase, as well as a tetragonal lattice similar to martensite [4, [8] [9] [10] [11] . According to the findings of different researchers, the unknown phase was named as 'S-phase', 'expanded austenite' or 'N-expanded solid solution (γN)', or 'm-phase'. X-ray photoelectron spectroscopy analyses showed preferential Cr-N bonds in the γN layers [12, 13] . More recently, multitechnical experimental analyses, by means of XRD, field emission microscopy, conversion electron Mossbauer, Xray absorption near edge structure and extended X-ray absorption fine structure spectroscopes, and atomic probe tomography, showed that the XRD homogeneous expanded austenite phase is microscopically heterogeneous because of the different electronic structures of the Fe, Cr and Ni components [14, 15] . Consequently the structure of the γN phase has been found to consist of nanoscale CrN precipitates dispersed in an N-saturated Fe4N-like matrix. In particular, the N-expanded austenite was found to comprise dispersive CrN 2+ molecular ions, at a spacing of approximately 4.5 nm. In thermodynamics, on the other hand, the meta-stable γN phase is expected to transform to CrN and γ'-Fe4N precipitates embedded in a low-nitrogen ferrous matrix which are thermodynamically more stable. Such transformation occurs not only in the nitriding processes at higher temperatures, e.g. above 500 ⁰C, but also in a nitrided steel when it was annealed at high temperatures [16] . Moreover, dry sliding is known to generate frictional heat which, when the resultant flash temperature is sufficiently high, may bring about local structural evolution of the γN phase in a nitrided layer. Provided that current understanding on the wear and friction mechanisms has been progressed to atomic and nano scales of materials interactions, such structural changes cannot be ignored.
Up to date, most of the tribological research on nitrided austenitic stainless steels has been mainly focused on their wear and friction properties as compared to those of non-nitrided samples, although limited results were also published on the wear mechanisms. Sun and Bell investigated the sliding wear behaviours of 316 austenitic stainless steel samples being nitrided at three temperatures between 450 ⁰C -550 ⁰C [17] . They found that, all the nitrided surfaces exhibited substantially lower wear rates than the 316 steel when the sliding was against a hardened steel or alumina ball counterpart, while the 450 ⁰C nitrided sample showed the best wear performance. Comparative tribological tests against a WC counterpart obtained similar results, whereas the increased wear resistance of the nitrided surfaces were attributed to a transition of wear mechanism from adhesive wear with severe plastic deformation to mild wear modes of abrasion and tribo-oxidation [18] . Lei and co-workers studied the lubricated sliding wear of an austenitic stainless steel sample after ion nitriding treatment at 380 ⁰C, in which they found that, the ion nitriding could significantly improve the abrasive resistance [19] . In another paper [20] , the authors investigated the rolling-sliding wear behaviour and wear mechanisms of nitrided austenitic stainless steel sample, which revealed delamination wear in the nitrided surfaces as a result of severe plastic deformation. Similar tribological studies were also published by other researchers [21] [22] [23] . Nevertheless, there is still lack of knowledge on wear failure mechanisms of nitrided austenitic steels, especially on the nano-scale materials failures including any friction induced structural evolution on the worn surface.
In this paper, we report original experiment results of reciprocating sliding wear tests of plasma nitrided austenitic stainless steel. The samples were treated at various times from 10 to 240 minutes in a pulsed plasma nitriding process to obtain different thickness and different microstructure of the nitrided case. In addition to the effect of nitriding time on the wear and friction properties, detailed wear and friction mechanisms have been studied by scanning electron microscopy (SEM) and cross-sectional transmission electron microscopy (TEM). The frictional heating induced structural changes in the nitrided cases have also been investigated by quantitative X-ray diffraction (XRD).
Experimental

Sample materials
The sample steel was an austenitic stainless steel AISI 316. Square sheets were ground and polished using 1200# SiC abrasive papers to final dimensions of 20 mm in length and 2 mm in thickness, and ultrasonically cleaned for 10 minutes in acetone.
Nitriding treatments were carried out using a high power pulsed glow discharge plasma (HPPGDP), being generated in a cylindrical vacuum chamber of 550 mm in diameter and 600 mm in height. The samples were fixed on the substrate turntable of 350 mm in diameter. The turntable was biased by a HPPGDP power generator (AE Pinnacle TM Plus) with parameters of power up to 6.0 kW (equivalent to a maximum power density of 2.0 W/cm 2 or current density of 3.3 mA/cm 2 on substrate), frequency up to 350 kHz, positive going pulse width up to 1600 ns, implying a duty cycle of 44%, and an adjustable negative bias potential as low as -600V. Details of the plasma nitriding process can be found in a recent publication [24] . In this experiment, the samples were prepared using a HPPGDP process with the parameters: pressure 1.33 Pa of mixed Ar and N2 gases at a constant flow ratio of 1:2, plasma power 2.5 kW and various process times of 10, 30, 60, 90, 120, 180 and 240 minutes.
Mechanical and tribological testing
Knoop indentation was made on a Mitutoyo MVK H2 microhardness tester to measure the hardness of the asnitrided surfaces. An indenting load of 0.025 kg, i.e. 0.245 N, was applied. Each average value was obtained from measurements of five indents.
A computer-controlled multi-functional tribometer (CERT-UMT-2, USA) was employed to carry out the reciprocating sliding wear tests. An alumina ball of 6 mm in diameter was used as the counterpart to slid on the nitrided discs. The tribotests were conducted at room temperature in ambient conditions and under a constant normal load of 0.5 kg, or 4.9 N, a reciprocating sliding length of 8.0 mm, and a selected nominal sliding speed of 0.02 m⋅s -1 . Under the selected reciprocating length and sliding speed, the actual reciprocating frequency was measured to be 47 passes per minutes. Each test took a sliding period of 30 minutes. Therefore, the total reciprocating passes and sliding distance were calculated to be 1410 passes and 11.28 m respectively.
After each tribotest, the wear coefficients of both the disc sample and the counterpart ball were measured. The wear coefficient was calculated as the volume per applied load (unit: N) per sliding distance (unit: m). For the disc sample, the tested sample was cleaned by wet sweeping using cotton and acetone to remove loose wear debris. Then three cross-sectional scans of the wear track were made on a 3D profilometer (alicona Infinite Focus Microscope (IFM), Alicona Imaging GmbH, Austria) to measure the linear profile and thereafter to determine the wear properties, including average and maximum depths, cross-sectional worn area and wear volume.
For the counterpart ball, the loose wear debris attached on the wear scar was cleaned using a clean soft tissue before the ball, being still fixed in the holder, was taken to an optical microscope to measure the diameter of the resultant wear scar. The ball wear volume, V, was calculated using the following formula.
where R and r stand for the radius of the ball, 3.0 mm, and the wear scar respectively, and h is an intermediate parameter standing for the height of the worn ball segment.
Characterisation of as-nitrided and wear-tested samples
A field emission gun scanning electron microscope, FEI Nova200 FEG-SEM, was employed to observe the nitriding induced morphological changes of the sample surfaces and the worn surfaces. Moreover, vertical crosssectional metallographic specimens were prepared to observe the microstructure and case depth of each nitrided sample.
After the wear tests, a longitudinal cross-section of a tested specimen was prepared in exactly the middle width of a selected wear track, to investigate the wear induced mechanical and microstructural changes in certain depth. The specimen was carefully cut using a SiC disk saw, and manually ground, polished, and chemically etched before SEM observation. After that, grinding and polishing were undertaken on the other side of the specimen to a final thickness of 40 µm. Then it was further thinned by means of ion beam polishing using a Precision Ion Polishing System (PIPS, Gatan 691, USA) to the thickness of electron transparency. The prepared thin foil was observed on a transmission electron microscope (Philips CM20 STEM), working at 200 kV and with a LaB 6 filament and with a digital camera.
A Co-tube Empyrean X-ray diffractometry (PANalytical B.V., Netherlands), being powered at 40 kV and 40 mA to emit X-ray K α -Co of λ = 0.1789 nm, was employed to characterise the crystallographic properties of the nitrided samples as well as the sliding wear induced crystallographic changes on selected samples. For the latter, precise calibration was made to ensure the incident X-ray beam was focused well inside the wear track. Each XRD scan was performed to cover a range of diffraction angle of 2θ = 30º -100º, at a step size of 0.026º and nominal time per step of 250 seconds. After stripping the K α2 (λ = 0.1793 nm) and removing the background, a self-developed Gaussian multiple peak fitting process was applied to resolve the diffraction peaks, from which the detailed crystalline structure of each nitrided layer could be determined. The principle and analytical method of the Gaussian peak fitting process can be found in recent publications [25, 26] .
Results and discussion
Effect of nitriding time on the hardness, thickness and surface morphology of nitrided cases
Fig . 1 shows variation of sample surface morphology with increasing nitriding time. After up to 30 minutes of nitriding treatment, the sample surface remains smooth, whereas ion bombarding induced marks are visible in sub-micron scale, as seen in Fig. 1a and its insert. When the nitriding time was increased to 60 minutes, the nitrided surface shows such a morphology that reflects the granular austenite microstructure of the steel, seeing the grain boundaries (labelled as 'G.B.') in Fig. 1b . In addition, deformation slips and twins appear inside some grains. Similar features were described in literature as micro-twins and slip bands as a result of plastic deformation [5, 27, 28] . At higher magnification, each slip band between two deformation slips exhibits a dense and uniform distribution of fine slip bands, indicating occurrence of slipping deformation along certain crystalline planes. When the nitriding time was increased to 90 minutes and longer, the surfaces became even rougher by showing a clear three-dimensional granular image in each case. Every grain, as being observed at high magnifications, shows dense packing of slipping bands. Regarding the tribotests, such variation of surface roughness is expected to influence the friction and wear behaviour. HK0.025 2000. The large scattering in the hardness values was due to the increased surface roughness which strongly influenced the shape and dimension of the resultant Knoop indents.
X-ray diffraction analyses of as-nitrided and wear-tested samples
Fig . 3 shows the XRD curves of the as-nitrided samples, to show the effect of nitriding time on the X-ray diffraction results. The lattice parameters of the expanded austenite γN phase and the substrate austenite γ are listed in Table 1 , which were determined using the diffraction peaks from (111) up to (311) planes.
The diffraction curve of the 10 minute nitrided surface exhibits predominantly the austenite peaks of the substrate, indicating very marginal nitriding. Even that, the (111) and (200) peaks both show a low and broad shoulder at their left hand side, suggestive of the presence of a thin γN layer. The γN layer shows slightly expanded lattice with a small expansion ratio of only 1.3%.
The results in Figs. 1-3 reveal that a short-period nitriding treatment less than 60 minutes did not produce a significant nitrided case thickness. As a result, the friction and wear of the 10-and 30 minute nitrided samples reflected generally the sliding behaviours of the austenitic stainless steel substrate, which is beyond the scope of this paper and therefore is not investigated further.
The 60 minute nitrided sample shows predominantly the diffractions of the γN phase, especially the (111) In Fig. 4 , quantitative diffraction analyses were carried out on two nitrided samples to study the crystallographic characteristics of the nitride precipitates, where a Gaussian multi-peak fitting method has been applied to fit all the diffraction peaks. The diffraction curves in Fig. 4a and 4b were acquired on the as-nitrided surfaces of the 60 minute and 240 minute nitrided samples, respectively. In every diffraction curve, all the diffraction peaks have been fitted using a recently developed multiple Gaussian peak-fitting technique. More details of the method have been published elsewhere [25. 26] .
It can be found that, each diffraction curve fits well to the γN phase, the substrate austenite and three types of nitride precipitates. In particular, even the 60 minute nitrided sample has shown the presence of three types of nitride precipitates, namely Fe4N, CrN and Cr2N, although these precipitates were not visible when the sample was observed using OPM, SEM and even TEM. It is also noticed that, all the nitride diffraction peaks exhibit super broadening, which implies extremely small grain sizes [3, [27] [28] [29] .
The dimensions of the nitride precipitates have been estimated, according to the peak broadening, to be only 3 -7 nm approximately as short-range ordered domains. As compared to literature [7] [8] [9] [10] [11] , the current analysis has provided a closer view of the atom stacking structure of the γN phase. The detected short-range ordered domains are consistent to the results of other researchers that, nano-scale Cr-N and Fe-N clusters can be formed in the expanded austenite phase due to the preferential chemical bonds of nitrogen to the Cr and Fe atoms [12] [13] [14] [15] .
The Gussian-fitted peaks have been quantified to calculate the relative ratios of integrated peak intensity. The results are shown in Fig. 5 . In the 60 minute nitrided sample, the γN-(111) and γN-(200) planes account for 64.2% of the total integrated intensity, whereas the rest intensity derives from five peaks of the three nitrides of CrN, Fe4N and Cr2N. In contrast, the γN phase of the 240 minute nitrided surface shows increased relative intensity in most of the nitride diffraction peaks, indicating pronounced nitride precipitation with increasing nitriding time.
In addition, the same XRD acquisition has been undertaken, after the wear tests, inside the wear tracks of the two samples in order to detect any crystalline structural change induced by the sliding wear. The results are shown in Fig. 4c and 4d , respectively. Again, the obtained XRD curves fit well to the three nitride precipitates as well as the γN phase. Moreover, it is interesting to note that, the applied sliding wear exhibits different influence on the two nitrided samples in term of the amount of the nitride precipitates. In the 240 minute nitrided sample, the relative intensities of the three nitride precipitates remain comparable between the as-nitrided and the wear-tested areas, Figure 5 . It is known that, frictional heat is generated in dry sliding contact, whereas a high flash temperature is achieved at very close vicinity of the sliding surface depending on the severity of friction and the sliding speed [32] [33] [34] . The comparable amount of nitride precipitates suggests that the developed nitrided case was thermally stable. In the 60 minute nitrided sample, on the other hand, the worn surface shows increased intensity of the three precipitates (Fig. 5) , which suggests more nitride precipitates in the worn surface than in the as-nitrided area. The increased precipitates imply that the applied sliding wear triggered decomposition of the expanded austenite phase at the upmost worn surface. Similar decomposition has been found when a lowtemperature nitrided sample was annealed at a high temperature [16] .
Friction behaviour
Fig . 6 shows the friction curves of the nitrided samples. A running-in period appeared in the beginning of each test before it reached a steady-state friction. In the sample being nitrided for 240 min, the friction started from low initial friction, and increased gradually to the steady state after approximately 5 minutes. The rest of the samples, on the other hand, exhibited high values of initial friction coefficient before the coefficients dropped to the steady state. It is known that running-in is a special period of sliding that the friction and wear behaviour depends on several factors, which was not the main focus of the current study. Our previous research has suggested that, the variation of friction in a running-in period is caused by the generation of initial wear debris and its subsequent mechanical, thermal and tribo-chemical interactions between the sliding couple surfaces when the debris is engaged in the sliding contact to lead to the formation of an adhesive tribofilm attached on the worn surface [35] [36] [37] .
Figure 6
Friction coefficient curves of the nitrided surfaces reciprocating sliding against an alumina ball.
By averaging the friction coefficient values in the steady sliding period, namely from 5 minutes to 30 minutes, the mean friction coefficients were obtained and are listed in Table 2 . The samples being nitrided for 60 to 120 minutes show friction coefficients of 0.73 -0.76. The samples being nitrided for the longest times, 180 and 240 minutes, recorded the lowest friction coefficient values being less than 0.7. Fig. 7 shows selected optical and SEM micrographs to explain the nature of the sliding contact. After each test, the contact area of the used counterpart was found to be covered with wear debris. Fig. 7a is an optical micrograph to show a typical wear scar on the ball after most of the loose wear debris was swept off using a soft tissue. The shining bright area resulted from the sliding wear. Plenty of transferred material still attaches in the middle of the sliding contact zone, indicating strong adhesion of the wear debris to the alumina worn surface. An used counterpart ball was pressed onto a carbon based glue pad immediately after the test. Figs. 7(b-d) shows SEM observation and EDX analysis of the extracted wear debris. In Fig. 7b , the upper part exhibiting the shape of a sphere segment is a print of the core wear scar. The wear debris, as seen in Fig. 7c , show various sizes from a few micrometers to nano scale. EDX analysis reveals a high oxygen content and predominantly the constituents of the nitrided scale as well as small amount of aluminium. Moreover, the EDX analysis detected high oxygen content but no nitrogen. The result suggests firstly that the wear debris was mostly generated from the wear of the disc sample and the alumina ball also made a minor contribution. Secondly, tribo-oxidation took place as a result of the sliding friction as the tests were undertaken in air. More detailed research on the kinetics of the tribo-oxidation wear, similar to those in our previous work [32] [33] [34] , is beyond the scope of this paper. Fig. 7e is a high-magnification SEM image taken at the middle of wear track, full of fish-scale patterns and deformation grooves. The fish-scale patterns are compacted wear powders forming a thin tribofilm on the worn surface. Previous electron microscopy and spectroscopy analyses of similar tribofilms suggested that, such films could be formed through strong adhesion of wear particles to the parent worn surface and a dynamic powdering process simultaneously during the sliding tests [35] [36] [37] [38] . Fig. 7f is a SEM image taken at a place close to the edge of the wear track of the 180 minute nitrided sample. Over the limited sliding time, the wear track seemed to have formed only partially conformal contact between the coupling surfaces. The un-worn as-nitrided areas, labelled 'II' in the image, within the wear track worked as small pools to accommodate wear debris.
The results presented in Fig. 7 suggest that, wear debris was predominantly generated from the wear of the disc surface although marginal wear of the alumina counterpart was also detected. The wear debris was engaged in the sliding contact, resulting in three-body abrasive wear. Consequently, the frictional coefficients recorded during the tests reflected the self-mating sliding contacts between the worn surfaces and the transferred materials covering the counterpart ball. 
Wear properties
The measured wear properties are listed in Table 2 . For the wear of the nitrided disc samples, Fig. 8 shows typical cross-sectional linear profiles of the wear tracks. All the wear tracks exhibit small depths, leading to wear coefficients in the scale of 10 -14 m 3 N -1 m -1 . The 60 minute nitrided sample, having the single-phase γN structure, shows a wear coefficient of 2.07 × 10 -14 m 3 N -1 m -1 , being comparable to the 120 minute nitrided sample and lower than the 90-and 120 minute nitrided samples. The wear coefficient of the 240 minute nitrided sample is extraordinary as compared to others, which was attributed to the extremely rough surface which made its sliding behaviour different from other samples. For example, as shown in Fig. 7f , the rough disc surface resulted in a distribution of small pools to accommodate newly generated wear debris, as shown in Fig. 7f , which could have significantly extended the period of running-in sliding time before the formation of a conformal sliding contact. Moreover, it was suspected that the wear of the 60 minute nitrided sample might be over-estimated because the as-measured volume actually comprised both the material loss and a certain scale of plastic deformation due to the applied cross-track line profiling method. The deformation can be seen outside the wear track edges, as being arrowed in the line profile, Fig. 8 . A SEM image taken at the wear track edge also shows a few cracks caused by the deformation of the soft substrate, Fig. 9b . Such deformation did not occur in other samples. Obviously, the deformation happened because the case depth of the 60 minute nitrided sample is too thin to withstand the applied sliding load. Thus, in order to obtain a wear track without pronounced substrate deformation, further sliding tests were undertaken on the same sample under the same conditions except a reduced applied load of 2.0 N. The results confirm its wear coefficients of 1.97 and 2.35 × 10 -14 m 3 N -1 m -1 after 1,000 and 5,000 passes of reciprocating sliding respectively.
Figure 8
Linear cross-sectional profiles of wear tracks after 30 minutes of reciprocating sliding wear: the labels refer to the nitriding time of each sample.
Nitriding by 60 minutes resulted in the formation of a nitrided case of single γN phase and a few micrometers thick. Further increase in the nitriding time has been found to lead to remarkably increased case depth and the formation of a mixture of expanded austenite and nitride precipitates. These changes, however, did not bring about further increase in the wear resistance. This is generally consistent to the work of other researchers [19] [20] [21] [22] [23] .
There is lack of direct comparison between current results and the data of other researchers because of the different quantitative measurements, e.g. in literature [17, 18, 20, 22, 23] . The wear coefficients of the counterpart ball have also been measured by assuming each resultant wear scar as a sphere segment. The measurement of the segment dimensions is illustrated in Fig. 7a . The wear scars all exhibited irregular ellipse shapes with the minor axis parallel to the sliding direction and the major axis perpendicular to that. Because that large amount of wear debris was engaged in the sliding, as shown in Figs. 7b-7c, and consequently resulted in the increased length in the major axis, the actual wear scar would be closer to the sphere segment with the minor axis as its diameter. Using this assumption, the wear coefficients have been estimated and listed in Table 2 . The alumina counterpart ball show wear coefficients in a scale of 10 -16 m 3 N -1 m -1 , significantly lower than the disc samples. Moreover, it is worthwhile to note that, the 240 minute nitrided sample resulted in more pronounced wear of the counterpart. The faster wear should be attributed to the significantly increased surface roughness that the wear test took longer time before reaching its steady state of sliding friction, as shown in Fig. 6 .
SEM analyses of worn surfaces
Extensive SEM observations have revealed that every resultant wear track was featured with severe ploughing deformation grooves and fish-scale patterns, as shown in Figs. 7 e-f. Plenty of wear debris has been found to adhere to the counterpart ball, Figs. 7 a-d. Due to the engaged wear debris as the third-party wear abrasives, the applied testing conditions led to three-body abrasive wear of the nitrided samples, in which the major wear features include scratches and plastic deformation, tribo-oxidation and mechanical failures associated with the high stresses. These observations are generally consistent to the worn surface features of similar nitrided cases reported by other researchers [19] [20] [21] [22] .
For the 60 minute nitrided sample, apart from the abrasion scratches, and fish-scale patterns as shown in Fig. 7e , the wear track were found to be full of transverse cracks normal to the sliding direction, Fig. 9a . Such transverse cracks did not appear in the wear tracks of thicker nitrided cases when the nitriding time was between 90 to 240 minutes. These observations suggest sufficient load bearing capacity of the thick nitrided cases whereas the nitrided case developed in the 60 minute nitrided sample was not sufficient thick to withstand the applied load. In addition to the deformation as measured in the cross-track line profile, as marked by the arrows shown in Fig.  8 , the substrate deformation was also found to trigger small cracks in close vicinity of the wear track edge, Fig.  9b . Furthermore, more damages have been found in the subsurface depth of the nitrided case.
Cross-sectional SEM and TEM observations of a worn sample
To find out about microstructure changes related to the worn surface features, a cross-section specimen of the wear track of the 60 minute nitrided sample was prepared and successively observed by SEM and TEM. The method followed the author's previous work published in [36] [37] [39] [40] [41] . When the longitudinal cross-sectional specimen was polished and etched on one side of the half wear track, SEM facilitated a three-dimensional view of both the worn surface and its vertical cross-section, as shown in Fig. 10 . The upper part (labelled 'W') is the worn surface, where sliding grooves (labelled 'G') and narrow band of a tribofilm (labelled 'F') are visible in addition to a few cracks inside the nitrided layer. The lower part of the image is the polished and etched vertical section, consisting of the remaining nitrided layer (labelled 'N') and the austenitic substrate (labelled 'A'). More selected cross-sectional SEM images are shown in Fig. 11 . Fig. 11a is a low magnification overview of the worn surface and its longitudinal cross-section. In addition to the sliding scratches and tribofilm, several cracks can be seen within the nitrided case. Three of the worn surface cracks are linked with the grain boundaries of the substrate austenite, as marked by the arrows labelled with 'G.B.'. Fig. 11b is a high magnification image of the highlighted middle area of Fig. 11a , to show details of the crack propagation. The two worn surface cracks have developed close to the bottom of the nitrided case, where several fine cracks are marked by arrows. In addition, the high magnification image also show that, an upmost worn surface edge exhibits less etching, within a thickness of about 0.5 µm, than the bulk of the nitrided case section. A short crack can be found in the lower part of the less-etched band, as marked by an arrow. Similar less-etched surface edge and short cracks were observed along the longitudinal sample (Fig. 11c) . Such short cracks would suggest surface deformation induced delamination wear according to our previous studies of several transition metal nitride coatings [39] [40] [41] . In Fig. 11c , transverse worn surface cracks can be found to have developed in a small depth of less than 0.5 µm. Moreover, the SEM observation happened to find a large spalling pit along the prepared edge, Fig. 11d . Its internal surface shows parallel flakes.
After the longitudinal section was thinned from both sides and finally polished by ion beam milling, SEM observation was conducted again. Selected micrographs are displayed in Fig. 12 to show typical wear related features. In Fig. 12a , the black line between the upper Cu re-deposit and the main area is the top edge of the worn surface, where the Cu re-deposit was formed by the deposition of sputtered copper atoms (from the copper grid to support the specimen) as well as the steel specimen. Two pieces of delamination sheets can be seen on the EDX spectroscopic analysis confirmed presence of oxygen in the tribofilm in addition to Fe, Cr and Ni, suggesting that the tribofilm is likely a multi-component oxide of the worn material. Similar oxygen-containing tribofilms have repeatedly found in our previous research on the dry sliding wear of transition metal nitride coatings [35] [36] [37] [38] [39] [40] . Fig. 12c show the worn surface edge in another imaged area, where two delamination sheets were under formation through subsurface crack propagation. The depths of delamination sheets are 100 nm and 160 nm respectively. Moreover, the tribofilm exhibits various thicknesses between 30 nm and 160 nm. Fig. 13 shows TEM bright field micrographs of the worn surface cross-section. Fig. 13a is an extremely thin area. A number of loose wear debris can be found to attach on the worn surface edge. The worn surface, in a depth of 120 -170 nm as highlighted by the white dash line, exhibited different diffraction contrast when the specimen was tilted during the bright field observation. Similar featured layer was also found in several other edge positions when the specimen was progressively thinned and observed. Another example is shown in Fig. 13b , where the layer is 120 nm thick. The different diffraction contrast may indicate modification of the surface microstructure as a result of the plastic deformation, which is consistent to the scale of the etching insensitive layer as shown in Fig. 11 . However, because the sliding was in a reciprocating manner instead of unidirectional rotary sliding, it was not expected to see deformation induced bending of grains like those features being observed in previous publications [20, [39] [40] [41] [42] . In addition, the imaged area in Fig. 13b shows a period of open crack as a part of a large spalling pit, similar to the feature shown in Fig. 10d . Some loose wear debris, a large detached delamination sheet and a thin sheet of tribofilm (labelled 'I') can be seen to have detached from the worn surface. Fig. 13c is an image taken in a thick area where the microstructure of the worn surface is hardly visible. However, it features a nano-scale tribofilm attached on the worn surface.
So far, the electron microscopy of worn samples has revealed the wear failure mechanisms. Firstly, the applied ball-on-disc reciprocating sliding tests resulted in three-body abrasive wear of the nitrided austenitic stainless steel, whereas the 'third body' abrasives were mostly the wear particles of the nitrided case layer instead of the alumina counterpart. Such abrasive wear led to combined mechanisms of micro-ploughing and tribo-oxidation. Because of the high hardness of the nitrided cases, the worn surface deformation was restricted to a depth of about 100 nm according to the cross-sectional FEG-SEM and TEM observations. Secondly, the self-mating sliding contact between the wear debris attached on the ball surface and the worn surface of the disc sample resulted in a high friction coefficient. Thirdly, the currently work also reveals that a layer of single phase expanded austenite γN exhibited at least comparable wear resistance to the thicker and harder layers containing nitride precipitates. However, the major drawback of the γN layer has been the limited thickness which resulted in lower load bearing capacity. Consequently, substrate yielding resulted in the occurrence of cracking and spalling wear.
Conclusions
Ball-on-disc dry reciprocating sliding wear tests have been applied on austenitic stainless steel samples after being plasma nitrided for different time periods. The completed experiments lead to the following conclusions.
1) The applied ball-on-disc reciprocating sliding tests resulted in three-body abrasive wear of the nitrided austenitic stainless steel, where wear particles mostly generated from the nitrided case attached on the alumina ball surface played the role of third-party abrasives and formed self-mating sliding contact with the nitrided case surface. Such self-mating sliding contacts led to high friction coefficients.
2) The nitrided case formed after 60 minutes of nitriding treatment showed single phase structure of expanded austenite γN, although quantitative XRD analysis has revealed short-range clusters of CrN, Fe4N and Cr2N precipitates. The layer has been hardened to HK0.025 1212 ± 225, and consequently showed significantly reduced wear coefficient at a scale of 10 -14 m 3 N -1 m -1 . The wear mechanisms of the γN layer included abrasive wear and mild deformation in a thickness up to 100 nm, whereas the latter led to the formation of nano-delamination wear. Moreover, such a thin nitrided layer of 4.7 µm in thickness is lack of sufficient load-bearing capacity, which led to cracking and spalling failure.
3) When the nitriding time was longer than 90 minute up to 240 minutes, the obtained nitrided cases became much thicker in a range of 15 -25 µm and showed hardness higher than HK0.025 2000. The increased layer thickness helped to prevent spalling cracks as a result of the increased load bearing capacity.
4) Moreover, it has been found that the applied dry sliding triggered partial decomposition of the single phase γN in the 60 minute nitrided sample as a result of frictional heating. In contrast, such sliding induced decomposition was not found in other samples having longer nitriding time.
